We consider a wireless relay network with multiple antennas terminals over Rayleigh fading channels, and apply distributed space-time coding (DSTC) in amplify-and-forward (A&F) mode. It turns out that, combined with power allocation in the relays, A&F DSTC results in an opportunistic relaying scheme, in which the best relay is selected to retransmit the source's space-time coded signal. Next, assuming M -PSK or M -QAM modulations, we analyze the performance of the cooperative diversity wireless networks using A&F opportunistic relaying with the multiple-antennas source and destination. We first derive the probability density function (PDF) of the received SNR at the destination. Then, the PDF is used to determine the symbol error rate in Rayleigh fading channels. Then, we derived closed-form approximations for SER in high SNR scenario, from which we find the diversity order of system R min{Ns, N d }, where R, Ns, and N d are the number of the relays, the source antennas, and the destination antennas, respectively. Simulation results show that the proposed system obtain 2 dB gain in SNR over DSTC for BER 10 −5 , when R = 2, Ns = 2, N d = 2.
I. INTRODUCTION
In [1] , a cooperative strategy was proposed which achieves a diversity factor of R in a R-relay wireless network, using the so-called distributed space-time codes (DSTC). A twophase protocol is used for this strategy. In the first phase, the transmitter sends the information signal to the relays and in the second phase, relays send information to the receiver. The signal sent by every relay in the second phase is designed as a linear function of its received signal. It was shown that the relays can generate a linear space-time codeword at the receiver, as in a multiple antenna system, although they only cooperate distributively. This method does not require decoding at the relays and for high SNR it achieves the optimal diversity factor [1] . Although distributed space-time coding does not need instantaneous channel information in the relays, it requires full channel information at the receiver, i.e., both the channels from the transmitter to relays and the channels from relays to the receiver, need to be known at the receiver. This requires that training symbols are sent from both the transmitter and relays. Recently, the design of practical DSTC in amplify-and-forward (A&F) mode, that lead to reliable communication in wireless relay networks, has been presented in [2] , [3] , and [4] . This work was supported by the Research Council of Norway through the project 176773/S10 entitled "Optimized Heterogeneous Multiuser MIMO Networks -OptiMO". Distributed space-time coding in A&F mode was generalized to networks with multiple-antenna nodes in [5] . It is shown that in a wireless network with N s antennas at the transmit node, N d antennas at the receive node, and a total of R single relay nodes, the diversity order of R min{N s , N d } is achievable [5] , [6] .
In [7] , an opportunistic relaying scheme is introduced. According to opportunistic relaying, a single relay among a set of R relay nodes is selected, depending on which relay provides for the best end-to-end path between source and destination. In this paper, we propose a decision metric for opportunistic relaying based on maximizing the received instantaneous SNR at the destination in amplify-and-forward (A&F) mode, when multiple-antenna source and destination is used and statistical CSI of the source-relay channel is available at the relay.
We make the following main contributions in this paper:
• We show that the DSTC based on [1] in a rely network with the multiple-antennas source and destination leads to a new opportunistic relaying, when maximum instantaneous SNR based power allocation is used. • The performance of the A&F opportunistic relaying with space-time coded source is analyzed. More specifically, we derive the average symbol error rate (SER) of opportunistic relaying with M -PSK or M -QAM modulations in a Rayleigh-fading channels. Furthermore, the probability density function (PDF) of the received SNR at the destination is obtained. • For sufficiently high SNR, a simple closed-form average SER expression is derived for A&F opportunistic relaying links with multiple cooperating branches and multiple antennas source/destination. Based on the proposed approximated SER expression, it is shown that the proposed scheme achieves the diversity order of R min{N s , N d }, where R, N s , and N d are the number of relays, source antennas, and the destination antennas, respectively. • We verify the obtained analytical results using simulations. Results show that the derived error rates have the same system performance as simulation results. Assuming R = 2, N s = 2, N d = 2, the proposed opportunistic scheme outperforms DSTC by about 2 dB gain in SNR at BER of 10 −5 . II. SYSTEM MODEL Consider a wireless communication scenario where the source node s transmits information to the destination node d with the assistance of one or more relays denoted Relay r = 1, 2, . . . , R (see Fig. 1 ). The source and destination nodes are equipped with N s and N d antennas, respectively. Without loss of generality, it is assumed that each relay nodes is equipped with a single antennas. Note that this network can be transformed to relays with multiple antenna, since the transmit and receive signals at different antennas of the same relay can be processed and designed independently.
We denote the links from N s antennas of the source to the rth relay as f 1,r , f 2,r , . . . , f Ns,r , and the links from the rth relay to the N d antennas at the destination as g r,1 , g r,2 , . . . , g r,N d . Under the assumption that each link undergoes independent Rayleigh process f i,r , and g r,j are independent complex Gaussian random variables with zeromean and variances σ 2 fr , and σ 2 gr , respectively. Since multiple antennas in source and destination are co-located, and the colocated antennas have approximately the same distances to relays, we skipped the i and j indices of σ 2 fr and σ 2 gr . Assume that the source wants to send K symbols s 1 , s 2 , . . ., s K to the destination during T time slots. T should be less than the coherent interval, that is, the time duration among which channels f i,r , and g r,j keep constant. Henceforth, we assume using full-rate space-time codes, and thus, K = T . Similar to [1] , our scheme requires two phases of transmission. During the first phase, the source should transmit a T × N s dimensional orthogonal code matrix S 1 to all relays. We can represent S 1 in terms of the vector s = [s 1 , s 2 , . . . , s T ] t , consisting of T information symbols as
where A i , i = 1, . . . , N s , are T × T unitary matrices, and s i = A i s describes the ith column of a T × N s orthogonal space-time code. We assume the following normalization
The source transmits P 1 T /N s S 1 where P 1 T is the average total power used at the source during the first phase. Thus,
. . , N s , is the signal sent by the ith antenna with the average power of P 1 T /N s . Assuming that f i,r does not vary during T successive intervals, the T × 1 receive signal vector at the rth relay is
where
and v r is a T × 1 complex zero-mean white Gaussian noise vector with variance N 1 .
In the second phase of the transmission, all relays simultaneously transmit linear functions of their received signals x r . In order to construct a distributed space-time codes, the received signal at the jth antenna of the destination is collected inside the T × 1 vector y j as
for j = 1, 2, . . . , N r , where w j is a T × 1 complex zero-mean white Gaussian noise vector with component-wise variance N 2 , ρ r is the scaling factor at relay r, and C r , of size T × T , are obtained by representing the rth column of an appropriate T ×R dimensional space-time code matrix as C r s. This construction method originates from the construction of a space-time code for co-located multiple-antenna systems, where the transmitted signal vector from the kth antenna is C k s [8] . When there is no instantaneous channel state information (CSI) at the relays, but statistical CSI is known, a useful constraint is to ensure that a given average transmitted power is maintained. That is, ρ r = P2,r σ 2 fr P1+N1 where P 2,r is the average transmitted power from Relay r.
We can further represent input-output relationship of the DSTC as the space-time code in a multiple-antenna system. By setting the T × N s R space-time encoded signal
and by concatenating the received signals of the destination antennas, i.e., Y = [y 1 y 2 . . .
where the N s R × N d channel matrix H is defined as
and the noise is collected into the T × N d matrix
. Now, we derive the covariance of W T which will be used for calculating the received SNR at the destination. Since v r and w j are independent complex Gaussian random variables, which are jointly independent, the conditional auto-covariance matrix of W T can be shown to be
Thus, the noise vector W T is white. The third equality in (8) follows from the fact that for each relay, C r is a unitary matrix.
Since in this paper, we focus on orthogonal design, the maximum likelihood (ML) detection is decomposed to singlesymbol detection, and by the fact that noise in (8) is white, maximal-ratio combining (MRC) can be applied at the destination. To calculate the post detection SNR at the output of the ML DSTC decoder, we need to compute the received signal power. Hence, using (6), we have
and using the normalization assumed in (2), we have
Thus, η s d in (9) can be evaluated as
III. POWER CONTROL IN A&F SPACE-TIME CODED COOPERATION
In this section, we propose power allocation schemes for the A&F distributed space-time codes with multiple antennas source/destination, based on maximizing the received SNR at the destination d.
The conditional variance of the equivalent received noise is obtained in (8) . Thus, using (8) and (12), the instantaneous received SNR at the destination can be written as
where p = [ P 2,1 , P 2,2 , . . . , P 2,R ] t and diagonal matrices U and V are defined as
(14) Then, the optimization problem is formulated as p * = arg max p SNR ins , subject to p t p = P 2 .
where the R × 1 vector p * denotes the optimum values of power control coefficients. Moreover, since p t p = P 2 , we can rewrite (13) 
where diagonal matrix Z is Z = U W −1 . Now, using Rayleigh-Ritz theorem [9] , we have q t Zt q ≤ λ max , where λ max is the largest eigenvalue of Z, which is corresponding to the largest diagonal element of Z, i.e., λ max = max i∈{1,...,R}
The equality in q t Zt q = λ max holds if q is proportional to the eigenvector of Z corresponding to λ max . Using the eigenvalue decomposition of the diagonal matrix Z, it is obvious that the matrix which is consisting of the normalized eigenvectors, is the identity matrix. Hence, the optimum q max is proportional to e imax , which is a R × 1 vector with only zero elements, except one at the i max -th component. On the other hand, since p = W − 1 2 q, and W is a diagonal matrix, the optimum p * is also proportional to e imax . Using the power constraint of the transmitted power in the second phase, i.e., p t p = P 2 , we have p * = √ P 2 e imax . This means that for each realization of the network channels, the best relay should transmit all the available power P 2 and all other relays should stay silent.
The process of selecting the best relay could be done by the destination. This is feasible since the destination node should be aware of both backward and forward channels for coherent decoding. Thus, the same channel information could be exploited for the purpose of relay selection. However, if we assume a distributed relay selection algorithm, in which relays independently decide to select the best relay among them, such as in [7] , the knowledge of local channels f i and g i is required in the ith relay. The estimation of f i and g i can be done by transmitting a ready-to-send (RTS) packet and a clear-to-send (CTS) packet in MAC protocols.
IV. SER PERFORMANCE ANALYSIS
In this section, we will derive the SER formulas of the best relay selection strategy under the amplify-and-forward mode. We should first derive the PDF of γ r in (17).
Proposition 1: For γ r in (17), the probability density function p r (γ) can be written as
, and K n (x) is the modified Bessel function of the second kind of order n.
Proof: Suppose X = f r 2 and Y = g r 2 , then X and Y are gamma distributed [10, Eq. (5.14) ] with mean of X r and Y r , respectively. Therefore, similar to the approach used in [11, Eq. (3) ], the PDF of γ r = XY /(aY + b r ) can be calculated as Define γ max max {γ 1 , γ 2 , . . . , γ R }. The conditional SER of the best relay selection system under A&F mode with R relays can be written as P e (R|F , G) = c Q √ g γ max , where parameters c and g are represented as
Using the result from order statistics, and by assuming that all channel coefficients are independent of each other, the PDF of γ max can be written as
where Pr{γ j < γ} can be evaluated as
, and in the second equality, we used Erlang distribution [12, (3.48) ].
The SER expression for the selection relaying scheme discussed in Section III is now derived. Averaging over conditional SER P e (R|F , G) , we have the exact SER expression as
Next, a closed-form SER formula for the case of N d = N s is derived, which is valid in the high SNR regime. This simple expression can be used for a power allocation strategy among the cooperative nodes, or to get insight into the diversitymultiplexing tradeoff of the system.
Using the facts that K 0 (x) ≈ − ln (x) [14, Eq. (9.6.8)],
Eq. (9.6.9)], as x → 0,
where Γ (ν) is gamma function of order ν, and K ν (x) = K −ν (x) [14, Eq. (9.6.6)], the p r (γ) in (18) can be approximated as
The nth (n < N − 1) order derivatives of p r (γ) with respect to γ at zero are null, while the (N − 1)th order derivative of p r (γ) with respect to γ) at zero is computed as
Proof: By applying the chain rule for differentiating composite functions into p r (γ) in (23)-(24), the desired result in (25) is obtained.
Lemma 2: All the derivatives of the PDF of γ max , i.e., p γ , evaluated at zero up to order (NR − 1) are zero, while the NR-th order derivative is given by
Proof: Since γ r has positive values, it is obvious that Pr{γ r < 0} = 0. Therefore, using (20) and Lemma 1, and by applying the chain rule when differentiating composite functions, it can be shown that the derivatives of the PDF of p max , evaluated at zero up to order (NR − 1) are zero. In addition, ∂ NR pmax ∂γ NR (0) has a limited nonzero value when N s = N d given by (25), which completes the proof.
Asymptotic expression for the SER of the system is presented in the following proposition.
Proposition 2: Suppose the relay network consisting of R relays with the multiple antennas source and destination. The SER of this system at high SNRs can be calculated as
Proof: To deduce the asymptotic behavior of the average SER, we are using the approximate expression given in [8] . When the derivatives of p γ (γ) up to ν-th order are null at γ = 0, then the SER at high SNRs can be given by
Applying Lemmas 2, we have 
V. SIMULATION RESULTS
In this section, the performance of the distributed spacetime codes are compared with opportunistic relaying in A&F mode through simulations. The signal symbols are modulated as BPSK. We fixed the total power consumed in the whole network as P and use the equal power allocation, i.e, P 1 = P 2 = P 2 . Assume the relays and the destination have the same value of noise power, i.e., N 1 = N 2 , and all the links have unit-variance Rayleigh flat fading. We assume T = 4, and we use the orthogonal space-time code structure in (1) and (5) . For the case of N s = 2, R = 2, the matrices used at the relays are A 1 = C 1 = I 4 (30) In Fig. 2 , the BER performance of the A&F DSTC is compared to the proposed A&F opportunistic relaying, when R = 2. For A&F DSTC, equal power allocation is used among the relays. One can observe from Fig. 2 that the A&F opportunistic scheme achieve around 2 dB gain in SNR at BER 10 −5 . Furthermore, Fig. 2 confirms that the analytical results attained in (22) for finding SER for A&F opportunistic relaying with space-time coded source node have the same performance as the simulation results. Observing the curves behavior in high SNR, it can be seen that the diversity order of the system becomes R min{N s , N d }.
